The pulsed polarization measurement technique applied on sensor devices based on yttria stabilized zirconia (YSZ) with porous platinum electrodes enables the detection of low ppm concentrations of NOx in exhaust gas applications with a simple device. Pulsed polarization is based on alternating voltage pulses with intermediate pauses for self discharging. The discharge characteristics after polarization depends strongly on NOx content in the low ppm range. Due to faster discharging in NOx containing atmospheres compared to base gas, the voltage difference between the discharge curves can act as a concentration dependent parameter. Sensor probes for usage in exhaust gas conditions have been built. The feasibility of NOx sensing in diesel exhaust gas by use of a planar cost-effective YSZ sensor element is evaluated in detail in comparison to commercial NOx exhaust sensors and referenced with gas analysis equipment.
Introduction
For active emission control in combustion engines, especially for control of SCR catalyst control in diesel engines, detection of oxides of nitrogen (NOx) in the low ppm range is required, while crosssensitivities to other exhaust components has to be avoided. Numerous approaches for NOx sensors suitable for automotive exhaust monitoring have been investigated in the past years [1] . Nevertheless only one principle of NOx sensor is in use in series production. Due to the complex setup of this sensor incorporating two amperometric pumping cells [2] and with respect to the low sensitivities of the sensor raw signal of only a few nA/ppm NO [3] , reduction in cost without diminution of the sensor performance is limited for this technology.
As shown in previous works, it is possible to operate simple planar YSZ based structures as a promising NOx sensor by applying the so-called pulsed polarization technique [4] . While the gas sensing characteristics of this technique have been deeply investigated in earlier studies using synthetic gas mixtures under controlled environments, the recent work now evaluates the detection capabilities of planar YSZ sensor elements operated in pulsed polarization mode for detection of NOx in real exhaust gas of a diesel combustion engine.
Materials and Methods
The pulsed polarization sequence is illustrated in Figure 1a . A charge voltage Ucharge is applied to the electrodes for a time t0 followed by an open circuit discharge phase t1 via the internal resistance of the sensor. The voltage transient during discharge shows a logarithmic dependency on the NO concentration. The same procedure is repeated with opposite polarity of the charging voltage to avoid unilateral charge effects. Typical values for the charge times are in the range of 0.1 s to 1 s, for discharge times in the range of 0.5 s to 3 s. For the evaluation shown in this work, the change in sensor voltage after 800 ms discharge has been used. Charge voltage has been set to ±1 V for all measurements.
Sensor elements have been fabricated using 3% yttria doped zirconia substrates and screen printed platinum electrodes as depicted in Figure 1b . The electrodes were contacted with 100 µm Pt wires and bonding through Pt paste. In order to control the sensor temperature additional platinum heater elements has been deposited on a ceramic carrier. Sensor and heater elements have been integrated in a sensor probe suitable for usage in diesel exhaust ( Figure 1c ). During the engine tests, sensors probes have been installed in the exhaust gas of a 6-cylinder V Diesel engine with 3l cubic capacity. The sensor temperature has been set in the range of 400 °C to 470 °C. Exhaust gas components have been characterized using a Horiba MEXA 7000 exhaust gas analyzing system. In addition, the response of a commercial amperometric NOx sensor (Continental) has been recorded simultaneously.
Results
The effect of varying NOx concentrations in exhaust gas on the sensor discharge characteristics is shown in Figure 2a . With increasing NOx content, the self discharge of the sensor is increased causing lower voltage across the sensor electrodes over time. By evaluation of the sensor voltages as function of different NOx concentration, a semilogaritmic response curve can be derived (Figure 2b) . Using typical response characteristics as shown in Figure 2b for calibration, NOx concentrations have been estimated from the sensor response in diesel combustion exhaust. Figure 3a compares the response of a calibrated sensor using the pulsed polarization technique to a commercial exhaust gas analyzing system in the concentration range of 20 ppm up to 200 ppm NOx. Even at NOx concentrations below 20 ppm, the calibrated sensor response exhibits only minor deviations from the analyzer signal in the range of approx 1 ppm (Figure 3b) . A offset of the commercial amperometric NOX sensor in the range of 1-2 ppm has been observed. 
Discussion
The response of the sensor operated in pulsed polarization mode has been assessed in comparison to the NOx concentrations given by the exhaust gas analyzing system. For NOx concentrations above 5 ppm, a highly linear response of the sensor can be observed as shown in Figure 4 in a double logarithmic scale. Below NOx levels of 5 ppm, a significant scattering of the sensor response is visible. This is mainly related to the fact that the pulsed polarization sensor is similarly to the commercial sensor also responding to ammonia, which is present in ppm concentrations mainly at low NOx levels due to the ammonia slip in the SCR catalyst. For the calculation of the measurement error summarized in Table 1 , the ammonia content of the exhaust has been taken into account. The average measurement error of the sensor in pulsed polarization mode determined from different engine conditions is comparable to the average error obtained with the commercial sensor. 
Conclusions
Simple two-electrode YSZ based sensor elements have been exposed to exhaust gas of a diesel engine using pulsed polarization of the sensor electrodes and evaluation of the effect of NOx on the self-discharge behavior. The results of this study demonstrate that the measurement of relevant NOx concentrations in diesel exhaust gas can be achieved in a very cost effective manner using YSZ based sensor elements combined with a pulsed discharge operation and adequate signal evaluation. Since the accuracy in NOx measurements gained with prototype sensor probes has reached a level comparable to a commercial automotive NOx probe, an even higher accuracy can been envisioned, if the sensor probes will be further improved dedicated to the requirements of the pulsed polarization.
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